Intraplaque hemorrhage (IPH), bleeding in a plaque, is caused by a neocapillary rupture in an atherosclerotic plaque. We used contrast-enhanced ultrasonography to diagnose carotid atherosclerotic plaques before carotid endarterectomy (CEA), a surgical operation to remove an arterial intimal layer including a plaque lesion. We found lumenward (inward) deformation in some cases of ruptured plaques with IPH. The aim of this study was to evaluate the mechanical effects of infiltrated blood in the lipid core on the luminal shape of the ruptured plaque in the short-axis view. We created a finite element model of a carotid artery bifurcation with a ruptured plaque based on a sample obtained from CEA. As physiological loads, we assigned pressures on the surfaces of the lumen and the lipid core, the sum of a gradual pressure drop in the artery obtained from computational fluid dynamics analysis and a uniform pressure, and a constant longitudinal stretch. In the simulation, the fibrous cap in the ruptured model became almost flat in the short-axis view with lumenward deformation, being less deformed than that observed in ultrasonography. The simulation results show that inward deformation of the fibrous cap is correlated with an equal pressure in the lumen and the lipid core. In comparison, a hyperelastic model of soft unruptured plaque reproduced a round lumen. A better understanding of contrast-enhanced ultrasonography images from a mechanical perspective may facilitate the morphological identification of plaque rupture with IPH.
Introduction
The rupture of atheromatous plaques in carotid arteries is a cause of cerebrovascular events (Hennerici, 2004) . Among the determinants of risk of a stroke are degree of stenosis and plaque surface morphology (European Carotid Surgery Trialists' Collaborative Group, 1991; Lovett et al., 2004) . Intraplaque hemorrhage (IPH), bleeding in a plaque, is caused by a neocapillary rupture in an atherosclerotic plaque (Pasterkamp and van der Steen, 2012) . We used contrast-enhanced ultrasonography to identify a rupture in carotid atherosclerotic plaques with IPH before carotid endarterectomy (CEA), a surgical operation to remove an arterial intimal layer including a plaque, and in some cases found lumenward deformation of ruptured plaques with IPH (Hamada et al., 2016) . The plaque surface morphology on carotid angiography, classified as ulcerated, irregular, or smooth, is a highly sensitive marker of plaque instability (Rothwell et al., 2000) . However, few studies have focused on the correlation between the luminal shape of the plaque and the mechanical conditions (Yamada and Sakata, 2013) .
In recent years, various imaging modalities, including ultrasonography, angiography, magnetic resonance imaging (MRI), and computer tomography (CT), have been developed to examine the risk of plaque rupture. In T1-weighted MRI images of unruptured carotid plaques, soft plaques that are composed of a large lipid necrotic core and/or IPH are detected as regions with high signal intensities (Takano et al., 2012) .
The luminal surfaces of plaques are usually inflated outward in the short-axis view . Yamada and Sakata (2013) conducted a finite element (FE) analysis, demonstrating a round lumen and a low level of pressure (< 2 kPa) in the liquid-like lipid core of an atheromatous carotid artery under physiological loadings with intraluminal pressure of 16 kPa, for example. In contrast, a lumenward bulge or a partially straight line has been observed for fibrous caps with IPH in short-axis MRI images (Cai et al., 2005; Chu et al., 2004; Saam et al., 2005) . In addition, using contrast-enhanced ultrasonography, a promising modality for visualizing ulceration in atherosclerotic arteries (Hamada et al., 2016) , we identified clinical cases in which a ruptured human carotid atherosclerotic plaque was accompanied by lumenward deformation. However, the cause of such morphological changes has yet to be revealed.
In this study, we investigated carotid artery bifurcations (CAB) with ruptured and unruptured plaques using FE modeling methods. We used cross-sections of the intimal layer obtained from CEA to develop a geometrical model of a ruptured plaque. We supplemented the cross sections with ultrasonographic images of the CAB, taken prior to CEA, and a lateral computer tomography (CT) image of the head and neck. To examine the plaque's distinctive surface morphology, we compared FE analysis results of ruptured and unruptured plaque surface models with in-vivo ultrasonography observations. The morphology was expected to be caused by pressure elevation in the lipid core from blood infiltration through a hole in the plaque.
Methods 2.1 Clinical cases of carotid endarterectomy
We registered a total of 28 patients who underwent contrast-enhanced ultrasonography before CEA at Fukuoka University Hospital between January 2013 and December 2013. CEA was performed as described elsewhere (Ogata et al., 2014; Hamada et al., 2016) . We made morphological observations of the carotid artery using short-and long-axis-view ultrasonographic images. In total, 4 of 28 patients exhibited lumenward bulged plaques with rupture. In three of the four cases, we identified plaque rupture and hemorrhage from histological observations. We selected the plaque of a 74-year-old man with 70% carotid artery stenosis for FE modeling of the CAB [see Fig. 1 
Finite element modeling
We created an FE model of the CAB with a ruptured plaque ('ruptured model') and an unruptured plaque ('unruptured model') to investigate the mechanical effect on the morphology of the ruptured plaque. The features of these models are summarized in Table 1 and the details are described below. Table 1 Ruptured and unruptured models.
Geometrical modeling
We developed a three-dimensional (3D) geometric model of the intimal dissected layer of CAB using Rhinoceros computer-aided design (CAD) software (ver. 4.0; Robert McNeel and Associates, Seattle, WA), importing photographs of segment Nos. 1 -5 and 7 in Fig. 1(d) . As shown in Fig. 2(a) , we extracted available parts of the profile from the segments (indicated in black). We estimated unavailable parts of the profile (indicated in red), making it round in shape with the same luminal circumference for distorted parts or assuming some parts that had been lost due to plaque rupture or CEA. We aligned these profiles so that the blue lines in Fig. 2(a) , which were determined to be located almost in the middle of the plaque and fibrous cap, were positioned on the same medial plane. In the CAD software, we added extra circular profiles of normal intimal regions to the common carotid artery (CCA) and the internal carotid artery (ICA) to ensure a sufficient length for computational fluid dynamics (CFD) analysis. The lipid core region was extracted from the CEA sample and the cross-section was assumed to reduce (1) and (3) Hyperelastic (polynomial form), Eqs. (1) and (3) Hyperelastic (polynomial form), Eqs. (1) In a lateral view on a 3D CT image of the head and neck, the internal diameters were almost uniform in the CCA (> 1 cm proximal from the bifurcation), ICA (> 0.5 cm distal from the bifurcation, and ECA (≈1 cm distal from the bifurcation). We then obtained ratios of the uniform diameters for the above ICA and ECA regions, under loading conditions, of 0.78 and 0.7, respectively, with respect to that for the CCA. In segment No. 1, the internal diameter was calculated from the luminal circumference of 6.03 mm. Using the above ratios, the uniform diameters of the ICA and ECA at the distal region of the model were estimated as 4.7 mm and 4.2 mm, respectively.
The outer wall of the intima was expanded radially for the CCA and ICA, such that their thicknesses of the whole wall took the assumed values of 1.17 and 0.86 mm in the normal wall regions, respectively (Sommer et al., 2010) . A hollow circular wall was added to the intima of ECA with the same thickness as the normal region of ICA, merging its outer surface to those of ICA and CCA. Finally, a 3D geometrical model was created for the vascular wall with a lipid core using these surfaces.
A 1.55-mm-wide rupture in the fibrous cap [see histology of segment No. 4 in Fig. 1(e)] was modeled by subtracting a cylinder 1.55 mm in diameter from the fibrous cap region in the FE model, resulting in a connection of the lumen to the lipid core region. The unruptured model had no holes in the fibrous cap. Figure 3 shows the ruptured model. The 3D geometrical models were imported to Abaqus (ver. 6.14; SIMULIA, Providence, RI, USA) and meshed with 733840 4-node linear tetrahedral elements with linear pressure (C3D4H). Figure 3 (a) presents a cross-section of the geometrical model and the FE model of the CAB with a ruptured plaque. The lumen and the lipid core were modeled as a cavity to investigate the effect of pressure (see Table 1 and Section 2.2.3). Figure 3 (b) is a cross-sectional geometry and meshed CFD model. Figure 3 (c) shows that there was a change in the profile of the fibrous cap through application of the loft command in Rhinoceros CAD software to create surfaces of the lumen and lipid core by fitting a smooth surface through selected profile curves. For the unruptured case, the lipid core was modeled as hyperelastic material to examine the effect of its stiffness [see Table 1 and the left-hand panel in Esmaeili Monir, Senju, Ogata, Inoue, Sakata and Yamada, Journal of Biomechanical Science and Engineering, Vol.13, No.1 (2018) [DOI: 10.1299/jbse.17-00436]
Constitutive equations
We assumed incompressible, isotropic, and homogeneous hyperelastic materials for the arterial wall and lipid core (Yamada and Sakata, 2013) . Then we postulated a strain-energy density function in a reduced polynomial form for the arterial wall as
and a strain-energy density function of neo-Hookean material for the lipid core in the unruptured model with a soft plaque as
where I1 is the first invariant of the right Cauchy-Green deformation tensor, H is an indeterminate pressure, and J is the determinant of deformation gradient tensor. The material constants Ci (i = 1, 2, …, 5) and C10 were given as (Yamada et al., 2010; Yamada and Sakata, 2013 )
Boundary conditions
A CFD model of the lumen connected with a lipid core cavity [see Fig. 3(b) ] was created with 642617 4-node tetrahedral fluid elements (FC3D4) in Abaqus (ver. 6.14) to estimate the pressure distribution along the longitudinal axis and in the lipid core region, which was to be used as a boundary condition for the ruptured model.
Atherosclerosis causes stenosis, which can make the flow turbulent (Ku, 1997) . The flow patterns in moderately and severely stenosed carotid arteries have been simulated by transitional turbulence flow models (Tan et al., 2008) . In this study, we chose the RNG k-ε turbulence model (Yakhot et al., 1992) , a two-equation turbulence model for turbulence kinetic energy k and turbulence energy dissipation rate ε (see Appendix). We used a blood density of 1 050 kg/m 3 for ρ and dynamic viscosity of 3.5 × 10 −3 Pa s  for μ. We also took the same reference pressure at the distal ends of the ECA and ICA. As an inlet velocity condition, a steady and uniform velocity of 0.588 m/s was applied at the proximal side of the CCA (see Appendix A2).
(a) (b) Fig. 4 (a) Pressure distribution on the surfaces of the lumen and lipid core cavity derived from CFD analysis with the inlet pressure condition of 0 kPa (left). Representative image showing the pressure regions created on the inner surface of the FE models, based on the pressure drop derived from the CFD analysis, and how the pressure was applied to them (right). (b) Boundary conditions applied to the model for a systolic pressure of 16 kPa at the proximal side of the common carotid artery. A variable ui denotes a displacement in i axis.
In the ruptured FE model, pressures were applied on the surfaces of the lumen wall and the lipid core cavity. The CFD analysis reproduced the pressure distribution on the surface of the lumen and lipid core cavity, as shown in the left panel of Fig. 4(a) . We divided the pressure drop between the inlet and outlet into 10 levels with intervals of 0.11 kPa due to the technical difficulty of applying pressure with a continuous change. Then, we mapped them on the wall Esmaeili Monir, Senju, Ogata, Inoue, Sakata and Yamada, Journal of Biomechanical Science and Engineering, Vol.13, No.1 (2018) [DOI: 10.1299/jbse. surfaces of the lumen and lipid core cavity in the ruptured model. The uniform blood pressure was added to the above pressure distribution so that the pressure at the proximal end of the CCA ranged from 11-16 kPa (diastolic and systolic pressures) over a cardiac cycle. Figure 4(b) shows the distribution of surface pressure in a case in which the inlet pressure is 16 kPa. The pressure on the outer surface of the artery was always kept at zero.
In the ruptured model, we applied a longitudinal stretch of 10% (Delfino et al., 1997) , which stabilizes the arterial wall morphologically (Jackson et al., 2005) , by assigning displacement uz to the distal end surfaces of the ICA and ECA and fixing the proximal end surface of CCA, as shown in Fig. 4(b) . We also applied an out-of-plane displacement constraint, uy = 0, in the proximal and distal lines [dot-dashed lines in Fig. 4(b) ] and ux = 0 at a selected point on the outer wall [a dot in Fig. 4(b) ] along the same long-axis plane. The same boundary conditions of pressures on the lumen wall and longitudinal stretch were applied to the unruptured FE models. 
Results

Mechanical state of the plaque under physiological loading
Short-axis profiles of plaques compared between ultrasonographic and FE analyses
Discussion
We created an FE model of a CAB, for a ruptured plaque with IPH, based on a CEA sample and simulated the deformation behavior under physiological loading conditions. We evaluated the effect of the pressure elevation in the lipid core due to plaque rupture on the lumenward deformation of the plaque. In the ruptured model, the equivalent levels of pressure in the lumen and the lipid core caused lumenward deformation of the fibrous cap, but this was less pronounced than that observed by ultrasonography. We also created an unruptured model with soft hyperelastic material for the lipid core. The unruptured model had a round lumen surface with an outward bulge due to the intraluminal pressure, which was much higher than the pressure in the lipid core.
Variation of the cross-sectional geometry of the fibrous cap in the FE analysis
In this study, four cases had a lumenward bulge in ultrasonography; IPH was confirmed in three cases based on microscopic observations and the other case had calcification in the plaque region based on ultrasonography. Esmaeili Monir, Senju, Ogata, Inoue, Sakata and Yamada, Journal of Biomechanical Science and Engineering, Vol.13, No.1 (2018) [DOI: 10.1299/jbse.17-00436]
A plaque with a soft lipid core has a membrane-like fibrous cap, but one with a hard lipid core tends to have a thick and stiff wall. Figure 7 shows the variation in the geometry of the fibrous cap in transverse cross-sections at three different longitudinal locations separated at an interval of 2 mm in the bifurcation for the ruptured model, the unruptured model with a soft lipid core [Eq. (4)], and the unruptured model with a hard plaque, which was assumed to be as stiff as the vascular wall [Eq. (3)]. The curvature of the luminal surface of the fibrous cap varied due to its non-uniform thickness.
The fibrous cap in the ruptured model deformed lumenward at all locations. In the unruptured model with a soft lipid core, the curvature along the boundary of the lipid core was always convex outward, with its pressure significantly lower than the luminal blood pressure (Yamada and Sakata, 2013) . Compared with the unruptured soft plaque model (see the third column in Fig. 7) , the unruptured hard plaque model, which had no IPH, deformed to a small degree (see the fourth column in Fig. 7 ) because much more energy is required to stretch the plaque region circumferentially. A lumenward bulge of the lumen surface was plausible not only in the case of IPH with rupture but also in the case of a hard unruptured plaque.
Using FE analysis with the surface pressures and longitudinal stretches of 0%, 10%, and 20%, we also confirmed that the longitudinal stretch elongates the plaque longitudinally and reduces its circumference. The variation in cross-sectional geometry is therefore not due to longitudinal stretch. Figure 8 presents the three clinical cases of carotid atherosclerotic plaques that ruptured and hemorrhaged. These were categorized histologically according to the classification of the American Heart Association (AHA) (Stary et al., 1995) . Ultrasonography revealed a lumenward bulge with an ulcer. Case #3 was used for the FE analysis in this study. Note that the cross-sections in the sample photo, ultrasonography, and MRI are not identical in each case. The ultrasonography and MRI in case #1 near the bifurcation and cases #2 and #3 demonstrated that the fibrous cap bulged toward the lumen, while the ultrasonography at a distal location in case #1 demonstrated an almost straight fibrous cap at a distal location.
Geometry of the fibrous cap in the plaques with IPH
To check the sensitivity of the FE model to changes in the luminal profile, we carried out FE analyses for 0.1 mm-thick disc-like FE models with profiles of segments No. 5 and No. 7 (see Fig. 2 (c) and Fig. 9 ), before and after executing the loft command in Rhinoceros CAD software. We compared the arterial profiles in short-axis view of the arterial models in the unloaded and loaded states for the two disc-like models, as well as for the present 3D FE model (see Fig. 10 ). For each segment, the fibrous cap showed a similar flat shape among the models under physiological loading conditions. These observations indicated that the deformed shape of the membrane-like fibrous cap is not sensitive to the shape change in the undeformed state following execution of the loft command. Fig. 8 Three clinical cases of carotid atherosclerotic plaques. Ultrasonography revealed a lumenward bulge with an ulcer and the histological observations identified hemorrhage and rupture. Case #3 was used for the FE analysis in this study. Ca, calcified; ECA, external carotid artery; FL, false lumen; ICA, internal carotid artery; L, lumen. Note that the cross-sections in the sample photo, ultrasonography, and MRI are not identical in each case.
Esmaeili Monir, Senju, Ogata, Inoue, Sakata and Yamada, Journal of Biomechanical Science and Engineering, Vol.13, No.1 (2018) [DOI: 10.1299/jbse.17-00436] Atheromatous plaque rupture may allow blood to infiltrate into the lipid core and increase its volume (Davies, 1994) . Plaque rupture accompanied by IPH thus elevates the pressure in the lipid core. According to the balance of force on the membrane (Laplace equation), the pressure difference between the two sides of a membrane mediates its curvature; an equal pressure led to the flat surface of the membrane or fibrous cap in this study. At almost the same pressure in the lumen and the lipid core, namely, 15.6 kPa in the lipid core and 15.1 kPa at the most stenotic location on the lumen surface (see Fig. 4 ), the fibrous cap deforms outward in the soft plaque model (see the third column in Fig. 7) and it moves lumenward with its surface almost flat in the ruptured model (see the second column in Fig. 7 ).
Regarding plaques with IPH, the fibrous cap may rupture if it has a lumenward bulge or a partially flat surface {Fig. 2 (Chu et al., 2004) ; second row in Fig. 1 (Saam et al., 2005) ; Fig. 3 (Cai et al., 2005) ; third column of baseline images in Fig. 1 (Groen et al., 2007) } in the short-axis view. In comparison, some reports have described outwardly bulging plaques with/without IPH {without IPH: Fig. 1 (Cai et al., 2005) and right CCA of patient 2 in Fig. 1 (Saam et al., 2013) ; with IPH: left ICA of patient 1 in Fig. 1 (Saam et al., 2013 )}, which is consistent with the result of the unruptured FE model without hemorrhage with the obtained pressure of < 2 kPa in the lipid core.
For plaques with IPH, one may ask whether the pressure in the lipid core cavity increases due to plaque rupture or whether plaque rupture is induced by the increased pressure in the lipid core. If the pressure in the lipid core increased to the level of lumen blood pressure, the thin fibrous cap would become almost straight, as recognized from the balance of force on the membrane or the FE analysis (Yamada and Sakata, 2013) . In our studies and the literature, there has been no such demonstration for unruptured plaques. This suggests that the rupture comes first and results in a lumenward bulge of plaques with IPH. Fig. 9 An example of the 0.1-mm-thick disc-like FE model (segment No. 5 with the geometry before applying the loft command). 
Stress concentration in the fibrous caps
The stress distributions of both ruptured and unruptured plaque models show that stress was concentrated at > 500
Esmaeili Monir, Senju, Ogata, Inoue, Sakata and Yamada, Journal of Biomechanical Science and Engineering, Vol.13, No.1 (2018) kPa in the thinnest region of the fibrous cap near the hole of rupture. We confirmed that stress was concentrated in the same region for a very stiff fibrous cap using a disc-like FE model. The level of stress is higher than the commonly used critical stress of 300 kPa for rupture, and the cap thickness is similar to the threshold thickness of 65 µm, which is prone to rupture (Cardoso and Weinbaum, 2014; Holzapfel et al., 2014) . Teng et al. (2010b) also pointed out that the stresses at the sites of both minimum thickness in the fibrous cap and maximum curvature in the plaque shoulder should be evaluated as candidates of plaque rupture.
Blood flow, velocity, pressure drop, and fluid shear stress in the carotid artery
The flow rate in the 68% stenotic ICA in our CFD model was 431 mL/min. This was comparable to the mean flow rate measured invasively as 390 ± 91 mL/min [mean ± standard deviation (SD)] for 40-69% stenosed ICAs (Ackroyd et al., 1986) , 310 ± 99 mL/min (mean ± SD) for 50-75% stenosed ICAs (Likittanasombut et al., 2006) , and 167-399 mL/min (with a peak of 526 mL/min) for ICA (Lindegaard et al., 1987) .
Our CFD analysis showed that the peak velocities in CCA and ICA were 0.94 and 1.21 m/s, respectively, which fall within the ranges of the peak systolic velocity measured invasively as 0.47-1.14 m/s in CCA and 0.94-3.05 m/s in ICA for 60-90% stenotic carotid arteries (Blackshear et al., 1980) . The pressure drop in our CFD analysis was also similar to the results of the patient-specific fluid-solid interaction (FSI) analyses by Tao et al. (2015) .
The values of wall shear stress were reported to be 0.014 kPa (peak shear stress at the plaque surface by FSI analyses for patient-specific CAB) (Kock et al., 2008) and 0.093 kPa (mean fluid shear stress by 3D FSI analyses for atherosclerotic CAB with ruptured plaque) (Teng et al., 2010a) . These values are much lower than the systolic pressure of 16 kPa, indicating that the longitudinal shear stress is too small to deform the fibrous cap.
Limitations
The extent of the lumenward deformation of the fibrous cap may be affected by the pulsatile blood flow conditions, which were not incorporated into the analyses in this study. A CFD analysis of the deformed shape of CAB under physiological loading, which also remains to be conducted, would provide more accuracy in terms of the pressure conditions on the vascular wall. Furthermore, region-dependent material properties, such as of the stiff fibrous cap (Holzapfel et al., 2014) and the residual stress/strain (Ohayon et al., 2007; Holzapfel et al., 2014) , were not incorporated into the analyses here, but should be focused on in future studies. Another limitation is that the unruptured models were made by using the geometry of a ruptured carotid artery without considering remodeling. This caused some errors in predicting the deformation and stress/strain states for unruptured plaques by the FE method. We also ignored surrounding tissues such as perivascular adipose tissue (Brown et al., 2014) . Although the adipose tissue was reported to be very soft (Comley and Fleck, 2010) , further study is required to determine the resistive effect on vascular deformation.
Conclusions
We investigated the deformation of a ruptured plaque with IPH by FE analysis and compared it with soft and hard unruptured plaques. The rupture-induced pressure in the lipid core deformed the plaque lumenward, while the soft plaque in the unruptured model deformed outward and had a lumen with a round shape. The small area of the lumen in the ruptured model was also obtained in a hard plaque model with no IPH.
Our results indicate that geometrical change of a ruptured plaque with IPH is caused by an increase of rupture-induced pressure in the lipid core cavity, which may increase stenosis. A better understanding of the geometrical characteristics of plaques with IPH on contrast-enhanced ultrasonographic images may facilitate the identification of rupture.
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A1. RNG k-ε turbulence model
The k-ε transport equations are expressed as (Abaqus 6.14) The second and third terms on the right hand side of the above equations represent the production and dissipation of k and ε, respectively. The symbol V denotes an arbitrary control volume surrounded by a surface area S, and variables n, v, vm, and ρ are an outward unit vector normal to a surface dS, a velocity vector, velocity vector of a moving mesh, and fluid density, respectively.
The relationship between the Reynolds stress tensor ij and the strain rate tensor Sij is expressed as 
A2. Inlet conditions and initial conditions
Assuming that the artery is a smooth duct (Banks and Bressloff, 2007) , the inlet turbulent flow intensity I was estimated by   where μ, U, and DCCA are the dynamic viscosity, average inlet velocity, and the inner diameter of the wall (CCA side), respectively. Using the peak flow rate of 1100 mL/min for a stenosed carotid bifurcation (Lee et al., 2008) , the inlet velocity U was calculated as 0.588 m/s at the proximal side of the CCA.
Initial values for k and ε can be estimated by   
